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Haploinsufficiency of the Chromatin Remodeler BPTF
Causes Syndromic Developmental and Speech Delay,
Postnatal Microcephaly, and Dysmorphic Features

Pawe1 Stankiewicz,1,2,19,* Tahir N. Khan,3,19 Przemyslaw Szafranski,1 Leah Slattery,4 Haley Streff,1

Francesco Vetrini,2 Jonathan A. Bernstein,4 Chester W. Brown,5,6 Jill A. Rosenfeld,1,2 Surya Rednam,7,8,9

Sarah Scollon,7,8,9 Katie L. Bergstrom,7,8,9 Donald W. Parsons,1,7,8,9 Sharon E. Plon,1,7,8,9

Marta W. Vieira,10 Caio R.D.C. Quaio,11 Wagner A.R. Baratela,11 Johanna C. Acosta Guio,12

Ruth Armstrong,13 Sarju G. Mehta,13 Patrick Rump,14 Rolph Pfundt,15 Raymond Lewandowski,16

Erica M. Fernandes,16 Deepali N. Shinde,17 Sha Tang,17 Juliane Hoyer,18 Christiane Zweier,18

André Reis,18 Carlos A. Bacino,1,2 Rui Xiao,1,2 Amy M. Breman,1,2 Janice L. Smith,1,2 Deciphering
Developmental Disorders Study, Nicholas Katsanis,3 Bret Bostwick,1 Bernt Popp,18 Erica E. Davis,3,19

and Yaping Yang1,2,19,*

Bromodomain PHD finger transcription factor (BPTF) is the largest subunit of nucleosome remodeling factor (NURF), a member of the

ISWI chromatin-remodeling complex. However, the clinical consequences of disruption of this complex remain largely uncharacterized.

BPTF is required for anterior-posterior axis formation of themouse embryo andwas shown to promote posterior neuroectodermal fate by

enhancing Smad2-activatedwnt8 expression in zebrafish. Here, we report eight loss-of-function and twomissense variants (eight de novo

and two of unknown origin) in BPTF on 17q24.2. The BPTF variants were found in unrelated individuals aged between 2.1 and 13 years,

who manifest variable degrees of developmental delay/intellectual disability (10/10), speech delay (10/10), postnatal microcephaly

(7/9), and dysmorphic features (9/10). Using CRISPR-Cas9 genome editing of bptf in zebrafish to induce a loss of gene function, we

observed a significant reduction in head size of F0 mutants compared to control larvae. Terminal deoxynucleotidyl transferase dUTP

nick end labeling (TUNEL) and phospho-histone H3 (PH3) staining to assess apoptosis and cell proliferation, respectively, showed a sig-

nificant increase in cell death in F0 mutants compared to controls. Additionally, we observed a substantial increase of the ceratohyal

angle of the craniofacial skeleton in bptf F0 mutants, indicating abnormal craniofacial patterning. Taken together, our data demonstrate

the pathogenic role of BPTF haploinsufficiency in syndromic neurodevelopmental anomalies and extend the clinical spectrum of hu-

man disorders caused by ablation of chromatin remodeling complexes.
Introduction

Chromatin remodeling, an essential process regulating

DNA accessibility and transcriptional activation, is

controlled by covalent histone modifications and

ATP-dependent nucleosome translocation which involves

five conserved protein complexes: (1) SWI/SNF (a.k.a.

BRG1-associated factors [BAF]), (2) ISWI (imitation switch),

(3) CHD (chromatin helicase DNA-binding), (4) INO80/

SWR1, and (5) ATRX.1 Thus far, pathogenic variants in 11

chromatin remodeling genes involving SWI/SNF (BAF),

CHD, and ATRX have been implicated in congenital disor-

ders as well as cancer development, i.e., ARID1A (Coffin-
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Siris syndrome 2 [MIM: 614607]), ARID1B (Coffin-Siris

syndrome 1 [MIM: 135900]), SMARCA2 (Nicolaides-

Baraitser syndrome [MIM:601358]), SMARCA4 (Coffin-Siris

syndrome 4 [MIM: 614609] and Rhabdoid tumors [MIM:

613325]), SMARCB1 (Coffin-Siris syndrome 3 [MIM:

614608], Rhabdoid tumors [MIM: 609322], and Schwanno-

matosis [MIM: 162091]), SMARCD2 (specific granule defi-

ciency 2 [MIM: 617475]), SMARCE1 (Coffin-Siris syndrome

5 [MIM: 616938]), CHD2 (epileptic encephalopathy,

childhood-onset [MIM: 615369]),CHD4 (Sifrim-Hitz-Weiss

syndrome [MIM: 617159]), CHD7 (CHARGE syndrome

[MIM: 214800] and hypogonadotropic hypogonadism 5

with or without anosmia [MIM: 612370]), and ATRX
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(alpha-thalassemia/mental retardation syndrome [MIM:

301040]). To date, neither INO80/SWR1 nor ISWI genes

have been associated with disease in humans.

The ISWI family member NURF (nucleosome remodel-

ing factor) is an evolutionarily conserved key tran-

scriptional regulator of development2 in a locus-specific

manner3,4 by virtue of the complex’s chromatin remodel-

ing activity.5,6 In vertebrates, NURF consists of SNF2L

(ISWI homolog encoded by SMARCA1), pRBAP46/48, and

the largest subunit BPTF (bromodomain PHD finger tran-

scription factor).7–9 Human BPTF contains two PHD finger

domains followed proximally by a bromodomain (BRD).

The second PHD finger of BPTF mediates binding of the

NURF complex to chromatin with trimethylation of

histone H3 lysine 4 (H3K4me3).10 In a combinatorial

manner via multivalent interactions together with the

PHD finger, the BRD binds to acetylated lysine 16 in his-

tone H4 (H4K16ac), enabling the selective targeting of

BPTF to chromatin that contains both histone marks,

thereby increasing its selectivity.11–14

Heterozygous Bptf mutant mice are apparently normal

and fertile with no obvious phenotype.15 Analyses of ho-

mozygous mice have revealed that BPTF is essential for

the formation of mesoderm, endoderm, and differentiated

ectoderm lineages and is required for the establishment of

the embryonal anterior-posterior axis during early devel-

opment; homozygotes show lethality at embryonic day

(E)7.5 to E8.5 with 100% penetrance.16 BPTF was also

found to be important for trophoblast differentiation

during early mouse development (E6.5).15 Additionally,

depletion of Bptf has enhanced T cell-mediated antitumor

immunity in two syngeneic mouse models of cancer.17

Consistent with murine mutant data, Bptf was shown

previously to promote neuroectodermal posteriorization

in zebrafish embryos. RNA in situ hybridization and

protein analyses demonstrated that bptf is expressed ubiq-

uitously during zebrafish early embryonic development,

and it is expressed abundantly in the zebrafish head

through 30 hr post fertilization (hpf).18 Morpholino-based

suppression of bptf results in abnormal anterior patterning

and defects in neural posteriorization; these phenotypes

are attributed to misregulated TGF-b/Smad2 signaling

and concomitant restriction of wnt8a expression.18 The

TGF-b pathway is critical for cellular growth, differentia-

tion, and apoptosis and was shown to be an important

driver in neurogenesis and central nervous system devel-

opment.19 Moreover, zebrafish wnt8a was shown to

function in early-stage mesoderm patterning and posterio-

rization of the neuroectoderm.20

In humans, BPTF is ubiquitously expressed.10 Amplifica-

tion and overexpression of BPTF were reported in a variety

of cancers including breast, lung, and brain.21–26 BPTF was

shown as essential for T cell homeostasis and function.27

BPTF also inhibits fNK cell activity and the abundance of

natural cytotoxicity receptor co-ligands.28 Lastly, BPTF

maintains chromatin accessibility and the self-renewal

capacity of mammary gland stem cells.29
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Here, we describe phenotypic manifestations of germ-

line loss-of-function (LoF) variants in BPTF in ten

unrelated individuals with an autosomal-dominant neuro-

developmental disorder and show with an in vivo zebrafish

model that bptf is relevant to brain development and

craniofacial patterning.
Material and Methods

Subjects
The study cohort consists of ten unrelated case subjects. Individ-

uals 1–3 were found in the exome database of 9,056 individuals

referred for clinical whole-exome sequencing (WES) at Baylor

Genetics (BG). Individuals 4 and 5 were identified in the clinical

database of 75,795 subjects referred for clinical chromosomal

microarray analysis (CMA) at BG. These five subjects were chosen

through filtering for potentially LoF variants in previously un-

solved case subjects with overlapping neurological phenotypes.

Subsequently, we identified three additional individuals: via

DECIPHER30 individuals 6 (DECIPHER 275557) and 7 (DECIPHER

264215) from the Deciphering Developmental Disorders (DDD)

Study cohort31 and individual 8 from the University of Gronin-

gen, the Netherlands. Through the online matchmaker platform

GeneMatcher,32 individuals 9 and 10 were identified from the

Institute of Human Genetics, Friedrich-Alexander-Universität

Erlangen-Nürnberg in Erlangen, Germany and Virginia Common-

wealth University in Richmond, respectively. Written informed

consent (for individuals 1–3, 6–10) was obtained in accordance

with protocols approved by the appropriate human subject ethics

committees; individuals 4 and 5 were covered by a protocol (with

waiver of consent) approved by Baylor College of Medicine. The

study has UK Research Ethics Committee approval (10/H0305/

83, granted by the Cambridge South REC, and GEN/284/12

granted by the Republic of Ireland REC).
Microarray and Molecular Analyses
Individuals 1–3 were analyzed at BG Laboratories by trio WES

(individual 1) or proband-only WES (individuals 2 and 3) using

the capture design based on VCRome by NimbleGen.33 The

mean coverage of target bases was >1203, and >96% target bases

were covered at >203. PCR amplification and Sanger sequencing

to verify all candidate variants were done according to standard

procedures in the proband and the parents when available, and

candidate variants were annotated using the BPTF RefSeq tran-

script GenBank: NM_004459.6. The two copy-number variant

(CNV) deletions in individuals 4 and 5 were detected at BG using

customized exon-targeted oligo arrays (OLIGO V8.1.1 and

V11.2),34,35 which cover more than 1,700 and 4,800 disease-asso-

ciated genes, respectively, with exon-level resolution. CNV dele-

tion junction fragments were amplified using long-range PCR

with LA Taq DNA polymerase (TaKaRa Bio) and primers designed

by Primer3 software. Individuals 6 and 7 were recruited and

analyzed by WES in the DDD Study.31 The variant in individual

8 was detected in the Department of Human Genetics, Radboud

University Medical Center, in Nijmegen, the Netherlands. The

mutation in individual 9 was identified within an exome Pool-

Seq screening approach which will be published elsewhere

(B. Popp, unpublished data); validation and segregation analysis

was performed by Sanger sequencing followed by genetic finger-

printing using the PowerPlex 21 system (Promega) to confirm
r 5, 2017



de novo occurrence. For individual 10, parent-proband trio WES

was performed at Ambry Genetics using the IDT xGen Exome

Research Panel and analyzed as previously described.36,37 On

average, �96.6% of the target bases were covered at >203 for

the trio. The de novo frameshift alteration identified in this patient

by WES was confirmed by Sanger sequencing and interpreted as a

(suspected) candidate gene finding.37
CRISPR-Cas9 Genome Editing
We identified a single zebrafish (Danio rerio) ortholog of BPTF

using reciprocal BLAST (Ensembl ID: ENSDART00000109601;

GRCz10; 51% similarity to human BPTF; Figure S1). The CRISPR

single-guide (sgRNA) target was identified with ChopChop soft-

ware38 and synthesized using the GeneArt Precision gRNA Synthe-

sis Kit (Invitrogen) according to manufacturer’s instructions as

described.39 To generate F0 mutants, 75 pg of sgRNA and 150 pg

of CAS9 protein (PNA bio, CP01) were injected directly into the

cell of 1-cell stage zebrafish embryos. The efficiency of the sgRNA

was determined by extracting genomic DNA from F0 embryos at

2 dpf by proteinase K digestion (Life technologies, AM2548).

The sgRNA genome editing site was PCR amplified and resulting

PCR products were denatured and slowly reannealed (denaturing

at 95�C for 5 min, ramped down to 85�C at �1�C/s and then to

25�C at �0.1�C/s) to facilitate heteroduplex formation. Heterodu-

plexes were detected by 15% polyacrylamide gel electrophoresis38

(n ¼ 6 F0 embryos and 1 uninjected control embryo) followed by

cloning and sequencing of PCR amplicons to estimate mosaicism.
Zebrafish Embryo Injections
Zebrafish embryos were collected from natural matings of

-1.4col1a1:egfp40 heterozygous adults. For CRISPR experiments,

one-cell stage embryos were injected with 1 nL, with the investi-

gator masked to injection cocktail. Embryos were maintained in

fresh embryo media (0.3 g/L NaCl, 75 mg/L CaSO4, 37.5 mg/L

NaHCO3, 0.003% methylene blue) at 28�C until phenotypic

endpoints. Larvae were phenotyped for cell death and cell prolif-

eration at 2 days post fertilization (dpf); and for head size and

craniofacial patterning at 3 dpf.
Zebrafish Phenotyping
Whole-Mount TUNEL Assay

Apoptotic cell death was detected by the terminal deoxynucleo-

tidyl transferase dUTP nick end labeling (TUNEL) assay as

described.41 Briefly, 2 dpf embryos were dechorionated and fixed

in 4% paraformaldehyde (PFA) at 4�C overnight and then in

100% methanol at �20�C for 2 hr. After rehydration in PBS, em-

bryos were permeabilized with proteinase K (10 mg/mL) and post-

fixed with 4% PFA. Embryos were incubated in equilibration

buffer and then with TdT enzyme followed by anti-digoxigenin

provided in ApopTag Red In Situ Apoptosis Detection Kit (Milli-

pore) as suggested by the manufacturer. We imaged the dorsal

anterior aspect of whole-mounts with Z stack image capture using

a Nikon AZ100 fluorescent microscope. TUNEL stain was quanti-

fied by counting positive cells in defined regions of the head

with ImageJ software.

Cell Proliferation Assay

At 2 dpf, embryos were dechorionated and fixed in Dent’s solution

overnight at 4�C. Embryos were rehydrated in PBS with a stepwise

reduced concentration of methanol, and then bleached, postfixed

with 4% PFA, and permeabilized using proteinase-K. Embryos

were then washed twice in IF buffer (1% BSA, 0.1% Tween-20 in
The America
13 PBS) and incubated overnight with anti-p-histone H3 (PH3;

1:500, Santa Cruz Biotechnology, sc-8656-R). Following two

washes in IF buffer, embryos were placed in secondary antibody

solution containing Alexa Fluor 488 goat anti-rabbit IgG (1:500;

Invitrogen) in blocking solution for 1 hr at room temperature.

Z stacked images were captured using a Nikon AZ100 fluorescent

microscope. Immunostained cells in defined regions of the dorsal

aspect of the head were counted with ImageJ software.

Automated Live Phenotyping of Larval Head Size and Craniofacial

Patterning

We positioned and imaged live 3 dpf larvae with the Vertebrate

Automated Screening Technology (VAST; software v.1.2.3.6) to

capture dorsal (head size; bright field) or ventral (craniofacial

skeleton; fluorescent excitation at 470 nm) images. Larvae were

anesthetized, pattern recognition templates were created, and all

VAST operational settings were similar to those described.42

Once recognized inside the 600 mm borosilicate capillary, each

larva was rotated to capture images using a 53 fluar objective

and Axiocam 503 monochromatic camera (Zen Pro software;

Zeiss). Head size and ceratohyal cartilage angle were measured in

respective images using ImageJ software and pairwise comparisons

to determine statistical significance were made via a Student’s

t test.
Results

Clinical Findings

We identified 10 unrelated individuals with unique

apparent non-mosaic variants in BPTF. The affected

individuals included six males and four females, aged 2.1

to 13 years at the last clinical assessment (Table 1,

Figure 1A). Common features included developmental

delay (DD)/intellectual disability (ID) (10/10), speech delay

(10/10),microcephaly (7/9),motor delay (8/10), hypotonia

(5/10), and dysmorphic features (9/10), which included

prominent nose (7/10), up-slanting or short palpebral

fissures (4/10), and flaring of eyebrows (2/10), 5th finger

clinodactyly (3/10), and bulbous halluces/broad great

toes/sandal foot (5/10) (Table 1). Of note, individual 3 had

clinical WES as part of an NIH-supported pediatric cancer

study due to a diagnosis of pheochromocytoma, and WES

resulted in a VHL pathogenic heterozygous variant

c.499C>T (p.Arg167Trp) (GenBank: NM_000551.3) (Table

S1).43 The medical record and WES requisition form had

also noted mild developmental delay and speech delay.
Clinical CMA and WES

Exome sequencing identified four frameshifting indels

affecting the coding exons (c.989del [p.Leu330Argfs*28],

c.2744del [p.Asn915Thrfs*36], c.2860dup [p.Glu954Glyfs*

5], and c.5216_5217del [p.Val1739Glyfs*96]); one splicing/

frameshifting indel (c.3360_3370þ1del), which is predicted

to eliminate 11 nucleotides of the coding region plus the

first nucleotide of the invariant splice donor site sequence

(GT); one nonsense variant (c.8650A>T [p.Lys2884*]); and

two missense variants (c.5770G>A [p.Ala1924Thr] and

c.8558T>G [p.Met2853Arg]) (GenBank: NM_004459.6)

(Figure 1B). In eight subjects, the variants arose de novo; the
n Journal of Human Genetics 101, 503–515, October 5, 2017 505



Table 1. Clinical and Genetic Findings in Individuals with BPTF Variants

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Subject 6 Subject 7 Subject 8 Subject 9 Subject 10

Variant
(GRCh37;
GeneBank
NM_004459.6)

chr17:
g.65890220dup

chr17:
g.65908838_
65908839del

chr17:
g.65972049A>T

chr17:
g.65700188-
65896330del
(196 kb)

chr17:
g.65898399-
65986981del
(89 kb)

chr17:
g.65905867_
65905878del

chr17:
g.65914918G>A

chr17:
g.65971957T>G

chr17:
g.65850431del

chr17:
g.65889796del

c.2860dup c.5216_5217del c.8650A>T c.-121653_
2922-3575del

c.2922-1506_
*8577del

c.3360_
3370þ1del

c.5770G>A c.8558T>G c.989del c.2744del

p.Glu954Glyfs*5 p.Val1739Glyfs*96 p.Lys2884* CNV deletion CNV deletion r.spl? p.Ala1924Thr p.Met2853Arg p.Leu330Argfs*28 p.Asn915Thrfs*36

Exon 9 13 29 1–9 10–30 12 14 29 2 8

Variant type frameshift frameshift nonsense CNV deletion CNV deletion splicing &
frameshift

missense missense frameshift frameshift

Variant
inheritance

de novo mother negative,
father unavailable

de novo de novo unknown de novo de novo de novo de novo de novo

Ethnicity white Latino Latino Latino Latino white white white white white

Gender M M M F F M M F M F

Age at last
assessment
(years)

2.1 7.9 10.9 10 4.3 13 11 11 7.11 12

Weight at
birth (kg)
(Z score)

2.7 (Z ¼ �1.42) 2.63 (Z ¼ �0.8) ND 3.4 (Z ¼ 0.00) 2.4 (Z ¼ �3.6) 4.39 (Z ¼ 0.84) 1.89 (Z ¼ �3.44) 2.27 (Z ¼ �3.5) 3.46 (Z ¼ �0.06) 2.69 (Z ¼ �1.38)

Length at
birth (cm)
(Z score)

ND 47 (Z ¼ �0.7) ND 50 (Z ¼ 0.28) 48 (Z ¼ �3.82) ND ND 45 (Z ¼ �3.8) 51 (Z ¼ �0.39) 48.3 (Z ¼ 0.46)

Head
circumference
at birth (cm)
(Z score)

33 (Z ¼ �1.13) 33 (Z ¼ �0.3) ND 33 (Z ¼ �1.11) ND 36 (Z ¼ 0.11) 33 (Z ¼ �1.17) ND 34.5 (Z ¼ �0.62) 33 (Z ¼ �0.74)

Weight at
assessment
(kg) (Z score)

10.1 (Z ¼ �2.29) 20.6 (Z ¼ �1.58) 30.1 (Z ¼ �0.98) 37.8 (Z ¼ 0.65) 17 (Z ¼ 0,13) 22.3 (Z ¼ �1.83) 23.2 (Z ¼ �2.85) 25.5 (Z ¼ �2.68) 19.5 (Z ¼ �2.09) 26.05 (Z ¼ �3.53)

Height at
assessment (cm)
(Z score)

84.5 (Z ¼ �0.85) 117.1 (Z ¼ �1.85) 142.2 (Z ¼ �0.15) 143 (Z ¼ 0.70) 88 (Z ¼ �3.93) 134 (Z ¼ 0.01) 126 (Z ¼ �2.83) 137 (Z ¼ �2.30) 120 (Z ¼ �1.35) 134.4 (Z ¼ �3.03)

Head
circumference
at assessment
(cm) (Z score)

45 (Z ¼ �2.05) 49.2 (Z ¼ �2.1) ND 51 (Z ¼ �1.04) 46 (Z ¼ �2.48) 50.2 (Z ¼ �2.52) 54.2 (Z ¼ �0.35) 49 (Z ¼ �2.68) 48.3 (Z ¼ �2.90) 49.5 (Z ¼ �2.05)

(Continued on next page)
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Table 1. Continued

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Subject 6 Subject 7 Subject 8 Subject 9 Subject 10

Developmental
delay/intellectual
disability

mild severe mild moderate mild autistic
spectrum
disorder

moderate
autistic
spectrum
disorder

severe mild moderate
aggression and
distractedness,
disturbed sleep
rhythm and
sleeping
problems

mild

Speech/language
delay

þ þ þ þ þ þ þ þ þ þ

Motor delay þ þ þ þ � � þ þ þ �

Hypotonia þ � � þ � � þ � þ þ

Microcephaly þ þ ND � þ þ � þ þ þ
Brain
anomalies

small anterior
pituitary

ND ND brain MRI:
bilateral
nonspecific
multifocal white
matter lesions

� ND pituitary
hypoplasia

brain MRI:
reduced signal
intensity of
frontal and
temporal white
matter

MRI at age
4 years
8 months:
periventricular
white matter
lesions

MRI brain:
borderline low
positioned
cerebellar tonsil
on right; no
true Chiari

Dysmorphism � multiple lateral
flaring of eyebrows,
bilateral occipital
protuberances,
long nasal bridge
with mildly
hypolastic alae
nasi

large helices
of both ears
(similar to
father)

ocular
hypertelorism,
epicantal folds,
up-slanting
palpebral fissures,
prominent nose

up-slanting
palpebral
fissures,
hypertelorism,
mediofacial
hypoplasia

high palate,
prominent
nose and
columella,
thin upper
lip

lateral flaring
of eyebrows,
prominent
supraorbital
ridges, short
palpebral
fissures, broad
nasal tip,
prominent gum
line, Peg like,
disorganized
teeth

short palpebral
fissures, long
nose, mildly
hypolastic alae
nasi, full lower
lip, prominent
ears, micrognathia

long nasal
bridge, small
mouth and
micrognathia

telecanthus,
prominent nasal
root with mildly
bulbous nasal tip,
micrognathia

Ophthalmological
anomalies

� outward deviation
of one eye

� � � � severe myopia
and convergent
squint

� cataract in
right eye,
hyperopia

myopia

Skeletal
abnormalities

� pes planus, 5th
digit clinodactyly,
windswept 2nd
toe with lateral
deviation, broad
short great toes

� advanced bone
age

5th digit
clinodactyly

slender
fingers and
toes, bulbous
halluces

wrinkly hands,
flexed fingers,
5th finger
clinodactyly,
bulbous halluces,
overlapping toes

broad halluces,
premature
eruption of
permanent
mandibular
central incisors

sandal gap of
both feet

congenital hip
dysplasia, small
hands

Abbreviations: MRI, magnetic resonance imaging; ND, not determined because of non-availability or non-applicability
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A

B

C

Figure 1. Clinical and Genetic Findings of Individuals with BPTF Variants
(A) Clinical features of subjects 2 and 6–10. Note the lateral flaring of eyebrows, long nasal bridge, windswept 2nd toe with lateral
deviation, and broad short great toe in subject 2; prominent nose and columella and thin upper lip and in subject 6; prominent
supraorbital ridges, lateral flaring of eyebrows, short palpebral fissures, convergent squint, broad nasal tip, disorganized teeth, bulbous
halluces, and overlapping toes in subject 7; short palpebral fissures, long nose, prominent ears, mildly hypolastic alae nasi full lower lip,
micrognathia, and broad halluces in subject 8; long nasal bridge, small mouth, micrognathia, and sandal gap in subject 9; and telecan-
thus, prominent nasal root with mildly bulbous nasal tip, and micrognathia in subject 10.
(B) A schematic of BPTF, the protein, and the effects of variants identified in this study. Domains represented in colors are: different tran-
scription factors domain (DDT), PHD finger domain (PHD), and bromodomain (Bromo). The domain structure and amino acid
numbering is based on the NCBI reference sequences GenBank: NP_003482.3 and NP_00450.3.
(C) A schematic of chromosomal region 17q24.2 showing the deletions affecting BPTF in the UCSC browser.
origin of the other two changes could not be determined

(Table1).Theeight truncatingvariants arepredicted to result

in haploinsufficiency of the gene. The two de novomissense
508 The American Journal of Human Genetics 101, 503–515, Octobe
variants, c.5770G>A (p.Ala1924Thr) and c.8558T>G

(p.Met2853Arg), are predicted to be likely damaging by

most of the in silico prediction programs, including
r 5, 2017



PolyPhen-2 and MutationTaster (Table S2). Human splicing

finder also reported the generation of a cryptic acceptor site

for the variant c.8558T>G, although MaxEntScan and

SPIDEX did not find a significant splice alteration. The two

variants are not present in the Genome Aggregation Data-

base (gnomAD) database (>122,000 individuals; accessed

on 6/18/2017). In addition, Met2853 is located in the bro-

modomain; 3D simulation based on crystal structure of

PHD finger-linker-bromodomain fragment of human BPTF

(PDB: 3UV2) indicates that the substitution of Met with

the positively charged Arg in the hydrophobic core may

destabilize the 3D conformation of the BRD (Figure S2).

Our collective data indicate that themissense variants likely

disrupt the protein function.

CMA using V11.2 array in subject 4 revealed an �157 kb

CNV deletion on chromosome 17q24.2 (65,720,270–

65,877,348, GRCh37/hg19), involving BPTF, and a �1 kb

CNV deletion of unknown significance on chromosome

14q11.2 (21,681,066-21,682,235), involving a non-dis-

ease-associated gene HNRNPC. CMA of the parental sam-

ples showed no evidence of these deletions. CMA using

V8.1.1 array in subject 5 showed an �63 kb CNV deletion

on chromosome 17q24.2 (65,909,023–65,972,166),

involving BPTF and a likely benign �703 kb CNV duplica-

tion on chromosome 2q12.3 (108,403,193–109,106,402).

Parental samples were not available. DNA sequencing of

the junction fragment in subject 4 mapped the proximal

breakpoint within AluSx between chr17: 65,700,189 and

65,700,200 and the distal breakpoint within AluSz6 be-

tween chr17: 65,896,331 and 65,896,342 with 12 bp

microhomology, eliminating the 50 end of the gene

through exon 9. PCR analyses showed no evidence of

low-level somatic mosaicism for the copy-number loss on

17q24.2 in either parent. In subject 5, the proximal dele-

tion breakpoint was mapped within a unique sequence

between chr17: 65,898,399 and 65,898,404 and the

distal breakpoint within AluSp between 65,986,981 and

65,986,986 with a 4 bp GTGA microhomology, elimi-

nating exon 10 through the 30 end of the gene (Figures

1C and S3).

CRISPR/CAS9 Genome Editing of bptf in Zebrafish

Results in Head Size Reduction Likely Caused by an

Increase in Neuronal Cell Death

Although suppression of bptf implicated discrete morpho-

genetic pathways in aberrant neural patterning,18 the

eventual effects on zebrafish head size or craniofacial

structures were unexplored previously in transient bptf

knockdown models. To determine the relevance of BPTF

disruption to patient phenotype, we used CRISPR-CAS9

to generate a bptf LoF model. We and others have shown

previously that neuroanatomical defects can be modeled

in zebrafish as a direct readout for analogous defects

observed in humans.31,44–47 We designed a CRISPR sin-

gle-guide RNA (sgRNA) targeting exon 9 of bptf, injected

75 pg sgRNA and 150 pg of CAS9 into the cell of 1-cell-

stage zebrafish embryos, and detected efficient disruption
The America
of the locus through the introduction of small insertions

or deletions (90% mosaicism; Figure S1, Table S3). First,

we asked whether we could detect any differences in the

head size of 3 dpf F0 mutant larvae. We observed a signif-

icant reduction in a defined region of the head of bptf

CRISPR F0 mutants compared to either control larvae or

compared to larval batches injected with sgRNA alone

(without CAS9); (p % 0.0001, n ¼ 26–52 larvae/batch,

repeated, Figure 2). To determine the cellular basis of this

head size reduction in bptf F0 mutants, we performed

TUNEL staining and PH3 staining to assess cell death and

cell proliferation, respectively. We observed a significant

increase in cell death in F0 mutants compared to control

larvae and larvae injected with sgRNA alone (p ¼ 0.0004

versus control, p ¼ 0.0003 versus sgRNA alone, n ¼ 20

larvae per condition, repeated). However, we did not detect

any significant differences in cell proliferation between

bptf F0 CRISPR mutants and controls (Figure 2).
bptf F0 Mutants Display Abnormal Craniofacial

Patterning

To determine the relevance of BPTF ablation to the

dysmorphic features observed in our cohort and to assess

the role of BPTF in craniofacial patterning, we injected

bptf sgRNA and CAS9 in -1.4col1a1:egfp transgenic embryos

and assessed cartilage structures. We and others have

shown that zebrafish can serve as robust direct

models for craniofacial abnormalities observed in hu-

mans.39,42,48–52 We assessed the craniofacial patterning

by measuring the angle of ceratohyal (CH) cartilage in

ventral images acquired from 3 dpf larvae. We observed a

significant increase of the CH angle in bptf CRISPR F0

mutants (102� versus 91� for F0 mutants versus controls;

p % 0.0001, n ¼ 47–59 larvae/batch, repeated; Figure 2).

Importantly, injection of bptf sgRNA alone was indistin-

guishable from that of controls, excluding the possibility

of sgRNA toxicity inducing phenotypic differences.
Discussion

Here, we describe syndromic anomalies in ten individuals

with potentially deleterious variants in BPTF, which

encodes the largest subunit of the ATP-dependent chro-

matin-remodeling ISWI family member NURF. We identi-

fied five small frameshift indels, one nonsense variant,

two missense variants, and two CNV deletions. For all

affected individuals (n ¼ 8) whose parents were both stud-

ied, the BPTF variant occurred de novo. BPTF is predicted to

be highly intolerant to LoF mutations (probability of LoF

intolerance, pLI ¼ 1.0 in ExAC, accessed 6/18/2017).53

Our data indicate that the most likely pathomechanism

of BPTF is haploinsufficiency. All individuals in this study

had variants that affect BPTF only, with the exception of

individual 4, who carried a deletion that affects BPTF

and NOL11. However, the low pLI score for NOL11

(pLI ¼ 0.03) suggests that disruptions of this gene are
n Journal of Human Genetics 101, 503–515, October 5, 2017 509
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Figure 2. bptf CRISPR F0 Mutants Exhibit Microcephaly, Apoptosis in Anterior Structures, and Aberrant Patterning of the
Branchial Arches
(A) Representative dorsal images of 3 dpf zebrafish larvae show a reduction in head size (yellow dotted area) in F0 mutants. Scale bar
(blue), 150 mm.
(A0) Quantification of head size area in bptf F0 mutants (p % 0.0001 versus control, n ¼ 26–52 larvae/batch, repeated). Solid yellow line
indicates scale bar.
(B) Representative dorsal images of 2 dpf zebrafish larvae display increased apoptosis in the forebrain-midbrain region (blue dotted
rectangle).
(B0) Apoptotic cell count in bptf CRISPR F0 mutants (p ¼ 0.0004 versus control, n ¼ 20 larvae/condition per batch, repeated).
(C) Representative dorsal images of 2 dpf zebrafish larvae do not show cell proliferation defects in anterior structures (blue dotted
rectangle).
(C0) Cell proliferation count in bptf CRISPR F0 mutants (n.s., no statistical significance, n ¼ 20 larvae/condition per batch).
(D) Representative ventral views of -1.4col1a1:egfp larvae imaged live at 3 dpf show an increase in the ceratohyal cartilage (CH;
arrowhead) angle (dotted line) in F0 mutants.
(D0) Quantification of the ceratohyal angle in bptf F0 CRISPRmutants (p% 0.0001, n¼ 47–59 larvae/batch, repeated). Error bars indicate
standard error of the mean (SEM).
unlikely to cause an autosomal-dominant disorder

(Figure 3). These data are supported further by the observa-

tion that zebrafish F0 mutants with depleted bptf display

relevant neuroanatomical and craniofacial defects. How-

ever, further studies in stable bptf mutants will be required

to correlate precisely gene dosage with phenotype in this

model system.

In addition to the variable degree of DD/ID and speech

delay present in all reported subjects studied, the most

consistent finding is postnatal microcephaly,54 observed

in 7/9 subjects. Interestingly, dysfunction of five genes re-

ported previously to cause chromatin remodeling disorders

are associated with microcephaly (SMARCA2, SMARCA4,
510 The American Journal of Human Genetics 101, 503–515, Octobe
SMARCB1, SMARCE1, and CHD7) and one is associated

with macrocephaly (CHD4), suggesting that disruption of

chromatin remodeling can have global consequences on

brain development likely by deregulating multiple tran-

scription factors. Unlike primary microcephaly, usually

caused by a decrease in the number of neurons generated

during neurogenesis, secondary microcephaly is thought

to result from the postnatal reduction of dendritic pro-

cesses, myelination, and synaptic connections.55 Corrobo-

ratively, our studies of bptf deficiency in zebrafish showed a

significant increase in neuronal cell death.

Reduction in brain volume found in microcephalic indi-

viduals is often associated with brain anomalies, DD/ID,
r 5, 2017
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Figure 3. Analysis of the 17q24.2 Microdeletion Region
(A) Deletions in affected individuals reported previously39 and in this study.
(B) Phenotype comparison of PSMD12-39 and BPTF-related disorders. Individuals with deletions affecting both genes are expected to
have blended phenotypes.
motor disabilities, epilepsy, and ophthalmological disor-

ders.56 No epilepsy was observed in our cohort. Brain

anomalies detected in MRI include small anterior pituitary

in subject 1, bilateral nonspecific multifocal white matter

lesions in subject 2, pituitary hypoplasia in subject 7,

reduced signal intensity of frontal and temporal white

matter in subject 8, periventricular white matter lesions

in subject 9, and borderline low-lying cerebellar tonsil on

the right in subject 10. Ophthalmological abnormalities

include: outward deviation of the eye (individual 1); left

colobomatous (iris and disk) microphthalmia; slight infe-

rior lens subluxation; telecanthus (individual 10); myopia

(individuals 7 and 10); up-slanting or short palpebral fis-

sures (individuals 4, 5 and 7, 8, respectively); and cataract

and hyperopia (individual 9). Themost characteristic facial

feature observed is prominent nose (observed in subjects

2, 4, 6, 7–10). Other commonly shared features include

toe/foot (subjects 2, 6, 7–9) and finger (subjects 2, 5–7,

and 10) anomalies (Figure 1A, Table 1).

BPTF is located within the 17q24.2 microdeletion

region, which encompasses multiple genes including

BPTF and PSMD12. Recently, we have reported de novo

disruption of the proteasome regulatory subunit PSMD12

(MIM: 604450).39 Reported subjects included four (indi-

viduals 1–4) with single-nucleotide variants in PSMD12,

three (individuals 5, 7, and 9) with CNV deletions on

17q24.2 affecting PSMD12, BPTF, and other genes, and

two (individuals 8 and 10) with deletions on 17q24.2
The America
encompassing PSMD12 and neighboring genes but leaving

BPTF intact.39 We hypothesize that the clinical phenotype

of 17q24.2 microdeletion is associated with haploinsuffi-

ciency of the affected PSMD12 and/or BPTF, and possibly

additional genes. Within the reported deletion region on

17q24.2, five genes have pLI scores greater than 0.95 and

are predicted to be highly intolerant of LoF mutations,

including PSMD12, BPTF, and three other genes that are

currently not implicated in disease: HELZ, PITPNC1, and

PRKCA (Figure 3). The remaining protein-coding genes in

this microdeletion region are predicted to be LoF tolerant.

Comparison of the phenotypic features indicate that

PSMD12- and BPTF-related disorders share clinical pheno-

types including DD/ID, dysmorphisms, skeletal anomalies,

and failure to thrive (Figure 3). The presence of cardiac,

renal, genital, and ophthalmological defects and seizures

were more commonly seen in individuals with PSMD12

mutations while microcephaly was more commonly

associated with a BPTF disruption. Notably, Küry et al.39

also reported that individuals with 17q24.2 deletions

involving PSMD12 and BPTF had more prominent micro-

cephaly than those with isolated PSMD12 deficiency,

supporting further the causative role of BPTF in

microcephaly.

In addition to BPTF, there are more than 40 diverse

proteins containing BRDs;57 more than 20 of them display

linked PHD fingers and BRDs.58 Importantly, BRD-

containing proteins have been implicated in numerous
n Journal of Human Genetics 101, 503–515, October 5, 2017 511



developmental disorders,59 e.g., EP300 in Rubinstein-Taybi

syndrome (RSTS2 [MIM: 613684]),60 BRWD3 (MRX93

[MIM: 300659]),61 WDR11 (HH14 [MIM: 614858]),62 and

BRPF1 (IDDDFP [MIM: 617333]).63 Moreover, genes en-

coding BRD-containing proteins have been also found

mutated in multiple cancers.57,64 For example, a number

of them have been found at chromosomal translocation

breakpoint fusions mapping at the BRDs and affecting

their function,57 e.g., BRD4-NUT fusion is detected in

NUT midline carcinomas.65 Notably, based on promising

results in murine models, BRD proteins have become tar-

gets for drug development and translation.66,67

In aggregate, we propose that haploinsufficiency of BPTF

results in an augmented neuronal death, which likely

occurs mainly during the postnatal period and manifests

with acquired microcephaly and neurodevelopmental

abnormalities. Characteristic facial features involving

nose and eyes as well as anomalies involving fingers and

toes, resembling those reported in patients with 17q24.2

deletions,68–72 enabled us to define a novel syndromic dis-

order. Genes encoding BRD and/or PHD represent strong

candidates that could possibly contribute to human ge-

netic disorders that involve a constellation of ID/DD,

microcephaly, and dysmorphic features.
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Figure S1. CRISPR/CAS9 genome editing efficiency of the bptf locus 

(A) Schematic of D. rerio bptf showing the exon-intron structure of the gene; blue boxes coding 

exons, white boxes; untranslated regions, connecting lines; introns. The position of the CRISPR 

sgRNA is denoted with an arrow. (B) Polyacrylamide gel electrophoresis (15% PAGE; BioRad) 

shows the presence of heteroduplexes indicating targeting events in one control and six individual 

F0 embryos injected with sgRNA and CAS9 protein and harvested for DNA extraction at 2 days 

post-fertilization. (C) Representative chromatograms corresponding to cloned PCR products 

flanking the sgRNA target site amplified from uninjected control embryos and F0 embryos show 

mutational events in the target region compared to uninjected control embryo. (PAM; protospacer 

adjacent motif; enclosed in red rectangle). 

 

  



 
 

 

 

Figure S2. Potential consequences of the p.Met2853Arg substitution on the stability of the 

hydrophobic four α-helices bundle pocket of the BPTF bromodomain  
(A) ClustalW sequence alignment of the bromodomain motifs of a selected number of human 

bromodomain-containing proteins; the relative starting positions are numbered; -N=N-terminal, -

C=C-terminal. The regions corresponding to the four α-helices and variable loop regions are 

indicated by ribbons and defined by a blue line according to previous structural studies.1,2 The 

highly conserved Met including Met2853 of BPTF protein are boxed in red. (B) 3D simulation 

based on crystal structure of PHD finger-linker-bromodomain fragment of human BPTF 

(PDB_id:3UV2) obtained with Swiss-Model bioinformatic tool (http://swissmodel.expasy.org/)3 

showing the characteristic conserved hydrophobic core of the four α-helices bundle; Met2853 is 

shown protruding from the αB helix into the hydrophobic pocket. (C) The effect of the substitution 

of Met at the position 2853 with the positively charged Arg in the hydrophobic core may 

destabilize the 3D conformation of the bromodomain and ultimately interfere with its activity.  
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Figure S3: Chromatograms showing results of Sanger sequencing of breakpoint in CNV 

deletions identified in Subjects 4 and 5 

In subject 4, the proximal deletion breakpoint was mapped within in AluSx between 

chr17:65,700,189-65,700,200 and the distal breakpoint within AluSz6 between chr17:65,896,331-

65,896,342 with 12 bp microhomology. In subject 5, the proximal deletion breakpoint was mapped 

within a unique sequence between chr17:65,898,399-65,898,404 and the distal breakpoint within 

AluSp between 65,986,981-65,986,986 with a 4 bp GTGA microhomology.

Subject 4

Subject 5



 
 

Table S1. Additional clinical findings in individuals with BPTF variants. 

 Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Subject 6 Subject 7 Subject 8 Subject 9 Subject 10 

Other 
abnormaliti
es 

Unilateral 
choanal 
atresia, 

constipatio
n, failure 
to thrive, 

patent 
ductus 

arteriosus 

Dental caries Pheochrom
ocytoma 

associated 
with VHL 

(pathogeni
c variant) 

De novo  1 kb 
CNV deletion 

in 14q11.2 
(chr14:21,681,

066-
21,682,235) 
(variant of 
unknown 

significance) 
 
 

FTT, 
703 kb CNV 

duplication in  
2q12.3 

(chr2108,403,1
91-

109,106,402) 
(likely benign 

variant) 

Autistic 
spectrum 
disorder, 
unusual 

mannerisms – 
hand flapping, 

jumping 
 

Constantly busy,  
chronic diarrhea;  

borderline 
thyroid function,  
hypermobility, 

pituitary 
hypoplasia with 

growth hormone 
deficiency, 
pancreatic 

insufficiency, low 
pitched voice, 

lack of 
subcutaneous fat 

FTT, feeding 
problems 

with g-tube 
dependence  

Elevated first-
trimester nuchal 

translucency 
erythema 
toxicum 

neonatoru, 
membrana 
pupillaris 

persistens, 
bilateral 

maldescensed 
testes, frequent 
infections and 
diarrhea with 
vomiting as an 

infant, FTT,  
dyslalia, 

dysgrammatism, 
good speech 

comprehension,  
delayed motor 

skills, ataxia 
 

FTT with g-
tube 

dependence, 
pain 

amplification 
syndrome, GI 
dysmotility, 

chronic 
headaches, 

pain 
amplification 

syndrome 
 

 

FTT, failure to thrive 

 

  



 
 

Table S2. Prediction Effect of Missense Mutations in Affected Individuals  

ID Subject 7 Subject 8 

CHROM chr17:g.65914918G>A chr17:65971957T>G 

GENE BPTF BPTF 

FEATUREID NM_004459.6 NM_004459.6 

EFFECT Missense variant Missense variant 

IMPACT MODERATE MODERATE 

HGVS_C c.5770G>A c.8558T>G 

HGVS_P p.Ala1924Thr p.Met2853Arg 

ExAC31_AC 0 0 

dbNSFP_CADD_phred 26.7 29.0 

dbNSFP_M-CAP_score 0.0118444082406 0.108952265306 

REVEL_score 0.247 0.513 

dbNSFP_SIFT_score 0.118 0.0 

dbNSFP_Polyphen2_HVAR_score 0.995 0.963 

dbNSFP_MutationTaster_score 0.999988 1.0 

spidex_dpsi_zscore 0.91 -1.349 

 

Method Authors’ recommended threshold: CADD >20, M-CAP <0.025, REVEL >0.5, SIFT <0.05, 

PolyPhen-2 >0.8, spidex_dpsi_zscore <-2.0, dbscSNV_ada_score >0.6, dbscSNV_rf_score >0.6 

 

 

Table S3. Oligos for CRISPR sgRNA design and target amplification 

bptf_sgRNA_F 5’-TAATACGACTCACTATAGGAGTGTGCAATCAAACCGG-3’ 

bptf_sgRNA_R 5’-TTCTAGCTCTAAAACCCGGTTTGATTGCACACTC-3’ 

bptf_sgRNA_PCR_F  5’-TGCTCCATTCTTGCATCCCA-3’ 

bptf_sgRNA_PCR_R  5’-TGCATCAAACTTTGAGTTGTGCT’3- 

sgRNA target sequence is shown in italics. 
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